A series of ten rhenium tricarbonyl complexes (C1-C10), bearing halogen-substituted bidentate N,N-donor ligands with halogens or trifluoromethyl groups (X = -F, -Cl, -Br, and -CF 3 ) in different positions on the aromatic rings were synthesized and characterized by FT-IR and 1 H-NMR spectroscopy and their solid-state structures were determined by single crystal X-ray diffraction. The resultant complexes ReĲCO) 3 ĲN,N)X display an octahedral coordination geometry around the central Re atom, and in all the complexes the ReĲCO) 3 unit adopts a fac geometry. The metal-bound halogen atoms along with the halogen-substituted ligands were used to fine-tune the electron density of the halogen σ-hole on the coordinated halide that is involved in halogen-halogen and other intermolecular interactions. This series of compounds was used to explore the range of possible intermolecular interactions involving rhenium coordinated halides. These supramolecular interactions include: (i) halogen bonding through the metal-bound halogen with the carbonbound halogen (Re-X⋯X-C), (ii) halogen bonding through the carbon-bound halogen with another carbon-bound halogen (C-X⋯X-C), (iii) dipolar interactions through carbonyl-carbonyl (CO⋯CO), (iv) C-H⋯X hydrogen bonding interactions, (v) C-H⋯O hydrogen bonding interactions, (vi) halogen (X)⋯hetero-atom (N, O) interactions and (vii) metal-bond carbonyl lone pair with aromatic π-ring interaction, ReCOĲlone pair)⋯π(aromatic ring). In each case the molecular electrostatic potential and non-covalent interaction index were calculated. Crystal packing analyses using Hirshfeld surface calculation confirmed that metal-bound halogen is more effective than carbon-bound halogen in the formation of intermolecular interactions. Complexes C8 and C10 featured interesting intramolecular Re-COĲlone pair)⋯π interactions, the presence of which were confirmed by molecular orbital and non-covalent interaction index (NCI) calculations.
Introduction
The assembly of molecular complexes in the solid-state to form supramolecular arrays is governed by a range of competing non-covalent interactions, and the structures of the resultant assemblies are based on the directionality, strength and specificity of the interactions involved.
1,2 As such, the structural importance of non-covalent interactions has attracted extensive interest in the areas of crystal engineering, 3 molecular recognition, 4 protein folding, 5 enzymatic reactions, 5 supramolecular chemistry 6 and crystal structure prediction. 7 The competition between different types of non-covalent interactions in the solid-state and knowledge of the strengths of such interactions is at the heart of crystal engineering. 8 The competition or cooperative behavior between hydrogen bonds and halogen bonds in the solid-state has been studied in various systems. 9 Among the different non-H-bond mediated non-covalent interactions which have received extensive attention is halogen bonding. It is clearly defined as a noncovalent interaction between an electron deficient halogen atom and an electron donor halogen.
involved in the interactions. The extensive studies by Metrangolo, Resnati, and Brammer and coworkers have revolutionized the conception of halogen bonding and made it applicable in different areas of chemistry in which molecular recognition plays a central role. [19] [20] [21] [22] [23] Most of the studies were based on the halogen interactions in organic systems but the seminal work by Brammer and co-workers systematically examined the potential of metal-bound halogens such as the halometallate anion (M-X) with halocarbon (C-X) groups for halogen bonding. [24] [25] [26] From large numbers of crystallographic observations, it has been substantiated that the metal-bound halogens and halide anions are strongly nucleophilic compared to carbon-bound halogens which have only a very weakly nucleophilic character in hydrogen bonding interactions, establishing a hierarchy of hydrogen bond strengths as D-H⋯X − > D-H⋯X-M ≫
D-H⋯X-C (D = N, O, C)
. 20, 24 This can also be extended to halogen bonding interactions between M-X′ and C-X (M-X′ ⋯X-C in which X′ = X or X′ ≠ X) since a study was performed using metal-organic tectons which bring coordination bonds into competition with directional intermolecular noncovalent interactions. 27 Additionally, non-covalent interactions involving π-systems such as π(aromatic)⋯lpĲlone pair), have been extensively studied in recent decades. Originally, the existence of such interaction was studied in biological systems and it has been shown that such interactions are of great importance in the structures of biological macromolecules. 28 To this effect, the lp⋯π interaction involving the carbonyl group is of considerable interest in metal carbonyl complexes recently and it has been found that some metal-carbonyl complexes feature interesting intraand/or intermolecular M-CO(lone pair)⋯π(arene) interactions. 29 , 30 The π-systems involved are usually π-acidic aromatic rings with electron-withdrawing halo-, nitro-and cyanofunctional groups or electron-deficient aromatic heterocycles. 31 Another interesting intra-and intermolecular interaction is the n → π* interaction which has been extensively studied in biomolecules. Such an interaction was reported for the first time very recently by Echeverria 32 and Mooibroek et al., 33 in transition metal complexes containing carbonyl ligands which surprisingly stabilize precise molecular conformations due to the overlap between donor and acceptor complexes. The ground work of such interaction in organic carbonyl compounds was investigated by Burgi and Dunitz in 1975. 34 Herein, we report the design, synthesis, characterization, structural chemistry and theoretical calculations of a series of new chloro-and bromo-rheniumĲI) tricarbonyl complexes bearing halogen and/or trifluoromethyl substituted N,N-donor ligands. We chose the complexes containing the ubiquitous "ReĲCO) 3 X" fragment because of the rich redox and luminescent properties that these complexes possess, 35 and because of the diverse structural chemistry that they exhibit. 36 The strategy behind this design was to facilitate the possibility of different intermolecular interactions between the ranges of functional groups in these complexes.
Experimental

General
All chemicals used were analytical reagent grade. All solvents purchased from Merck were reagent grade and purified by standard techniques where required. Commercially available ReĲCO) 5 Cl and ReĲCO) 5 Br were obtained from Aldrich and were used as received. The 1 H-NMR spectra (Fig. S1-S8 , ESI †), were recorded using BRUKER AVANCE 500 MHz spectrometer in CDCl 3 . FT-IR spectra (Fig. S9 -S16 †) in the region of 4000-400 cm −1 were recorded in KBr pellets with a Shimadzu IR Prestige-21 FTIR spectrophotometer. The elemental analyses were performed using a LECO CHN instrument. The syntheses and crystal structures of the halogensubstituted bidentate N,N-ligands (Scheme 1) and the 32ClFenReBr complex (abbreviated as C1), have been reported previously. [37] [38] [39] [40] [41] [42] The preparation of all of the ReĲI)-tricarbonyl complexes has been achieved using literature methods. 43 
Crystallisations
Crystals were obtained by vapour diffusion of n-hexane into the dichloromethane solution of the complexes under ambient conditions. 32ClFenReCl (C2). To a 25 mL round-bottom flask containing 0.55 mmol (188 mg) of ligand L1, dissolved in 20 mL of degassed CH 2 Cl 2 and toluene (1 : 2), was added an equimolar amount of ReĲCO) 5 Cl (0.55 mmol, 0.20 g). The mixture was heated at reflux for 3 h. The solution was concentrated to 5 mL and n-hexane was added to precipitate the complex quantitatively. 
X-ray crystallography
Single crystals of C2 to C10 suitable for X-ray diffraction analysis, were grown by slow vapor diffusion of n-hexane into dichloromethane solution of the complex. The ORTEP view of the complexes is shown in Fig. 1 . Details of the crystal data collection and refinement parameters are summarized in Tables  S1-S9 . † X-ray intensity data were collected using the full sphere routine by φ and ω scans strategy on the Agilent SuperNova dual wavelength EoS S2 diffractometer with mirror monochromated Mo Kα radiation (λ = 0.71073 Å). For all data collections the crystals were cooled to 150(2) K using an Oxford Diffraction Cryojet low-temperature attachment. The data reduction, including an empirical absorption correction using spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm, 44 was performed using the CrysAlisPro software package. 45, 46 The crystal structures were solved by direct methods using the online version of AutoChem 2.0 in conjunction with OLEX2 suite of programs implemented in the CrysAlis software, 47 and then refined by full-matrix least-squares (SHELXL2014) on F
2
. 48 The non-hydrogen atoms were refined anisotropically. All of the hydrogen atoms were positioned geometrically in idealized positions and refined with the riding model approximation, with U iso ĲH) = 1.2 U eq ĲC). For the molecular graphics the program SHELXTL was used. 49 All geometric calculations were carried out using the PLATON software. 50 In complex C7, the rhenium atom shows positional disorder over two sites with refined site occupancy 0.927Ĳ6)/ 0.073Ĳ6). In complex C10, there was a solvent accessible volume of 385 Å is equal to almost 167 electrons which were not easy to model. The structure was squeezed and the contribution of these electrons in the unit cell was subtracted by back Fourier transform which was equal to almost two n-hexane molecules as solvent of recrystallization. CCDC 1871495-1871503 [C2 (1871495), C3 (1871497), C4 (1871498), C5 (1871496), C6 (1871497), C7 (18714501), C8 (18714500), C9 (18714502), C10 (18714503)] contain the supplementary crystallographic data for this paper.
Computational chemistry
All calculations were carried out using the Gaussian09 program 51 using the BP86-D3/def2-SVĲP) level of theory. For the calculations we have used the BP86 functional with the latest available Grimme correction functions for dispersion (D3).
We have used the crystallographic coordinates as initial approximation for the theoretical analysis of the non-covalent interactions observed in the solid-state. This method has previously been successfully used to evaluate similar interactions. [52] [53] [54] [55] The interaction energies were computed by calculating the difference between the energies of isolated monomers and their assembly. The interaction energies were corrected for the basis set superposition error (BSSE) using the counterpoise method. 56 The molecular electrostatic potential (MEP) for each complex was also done by the Gaussian09 program with BP86-D3 function using def2-TZVP basis set ( Fig. S17-S26 †) . 57 The non-covalent interaction index (NCI) 58 of the intramolecular interactions was obtained by direct Gaussian cube file to NCI routine via total electron density function calculated with BP86-D3 level of theory using def2-TZVP basis set. In order to better understand the nature of some of the intermolecular interactions such as hydrogen bonding based on the electron density and its Laplacian at bond critical points, the ground-state electronic wavefunctions obtained from Gaussian09 using BP86 level of theory and def2-SVP basis set for all atoms were used for calculations on the topology of the theoretical electron density based on quantum theory of atoms in molecules (QTAIM), including both local and integral properties, with the aid of the program AIM2000. 59 
Hirshfeld surface analysis
The quantitative analysis of the intermolecular interaction based on Hirshfeld surfaces calculations was studied. The Hirshfeld surfaces 60 such as d norm and 2D fingerprint plots were generated using Crystal Explorer 3.1 and the crystallographically determined coordinates of the atoms in the structures. 61 To keep internal consistency when comparing struc- 
A fingerprint plot is a 2D map that describes the nature and the type of intermolecular interactions quantitatively experienced by a molecule in the crystalline moiety in a convenient graphical format, which is unique for a given crystal structure. In addition, the similarities and dissimilarities between related crystal structures can be identified.
Results
Crystal structure description General. The ORTEP view of the complexes is shown in Fig. 1 . The crystal data and refinement parameters of C2-C10 were summarized in Table 1 . Selected bond lengths and angles are summarized in Table 2 . The hydrogen bonding parameters of the complexes are summarized in Table 3 . The crystal structure of all complexes comprises a molecule of rhenium complex in which a bidentate N,N-donor ligand, three carbonyl groups, in a facial arrangement, and an axial chloro or bromo group make up the coordination sphere of the Re center which exhibits a distorted octahedral geometry.
According to X-ray crystallographic data, compounds C2 and C3 are isomorphous (space group P1), showing only slight changes of the unit cell dimensions (Tables S1 and S2 †) . Due to the importance of the intra-and intermolecular interactions in the crystal structure, the information of the crystal packing of each complex with all involved interactions and the packing index was discussed in detail. The packing index was calculated by PLATON. 50 In each structure, the bite angle, the angle formed by the coordination of the bidentate N, N-donor ligand to metal centre (N1-Re1-N2), was reported. 32ClFenReCl (C2). In the molecular structure of C2 the bite angle of the N,N-donor ligand is 77.77Ĳ17)°. One of the substituted arene rings (C11-C16), is significantly rotated comparing to the other arene ring due to the intramolecular C12-H12A⋯Cl1 hydrogen bonding, making a S (7) ring. The crystal packing shows intermolecular π⋯π interactions with centroid to centroid distances of 3.644(3) to 3.966(4) Å. The crystal packing shows intermolecular C7-H7A⋯O2 and C10-H10A⋯Cl1 hydrogen bonding in which the Cl1 atom is a bifurcated acceptor.
The intermolecular C7-H7A⋯O2 hydrogen bond connects the neighboring molecules into one-dimensional infinite chain along the b-axis. Alternatively, the chains are further consolidated by the intermolecular C10-H10A⋯Cl1 hydrogen bond, Cl1⋯Cl3 halogen bonding, O2⋯Cl2 and Cl2⋯C7 short contacts, forming a two-dimensional sheet running parallel to ab-plane (Fig. 2) . The Cl1⋯Cl3 halogen bonding interaction is attractive. The packing index of C2 is 68.2%.
34ClFReBr (C3). One of the substituted arene rings (C1-C6) in C3, is significantly rotated comparing to the other due to the intramolecular C2-H2⋯Br1 hydrogen bonding, making a S(7) ring. The intermolecular C7-H7⋯Br1 and C15-H15⋯O3 supported by antiparallel dipolar CO⋯CO interactions linked molecules into a column parallel to ac-plane which are further connected by C10-H10⋯O1 interactions along the b-axis, forming a three-dimensional network (Fig. 3) . The interesting feature of the crystal structure is the individual dimer formation by the intermolecular Cl2⋯F2 interactions which are more connected by the intermolecular Cl1⋯C7 and C2⋯C2 short contacts (Fig. S27 †) . The packing index of C3 is 67.9%.
34ClFReCl (C4). The bite angle of the ligand is 78.4Ĳ2)°. One of the substituted arene rings (C11-C16), is significantly rotated comparing to the other arene ring due to the intramolecular C2-H2A⋯Cl1 hydrogen bonding, making a S(7) ring. The intermolecular C7-H7A⋯Cl1 hydrogen bonding linked neighboring molecules into one-dimensional extended chain along the b-axis which was supported by the weak intermolecular O2⋯C7 short contacts (Fig. 4) .
Pairs of weak intermolecular C15-H15A⋯O1 forming a head-to-tail individual dimers which are further connected to each other through the intermolecular C10-H10A⋯F1 interactions (Fig. S28 †) . The crystal packing also shows Cl2⋯Cl2 interactions which are shorter than the sum of the van (4) 7.3006 (5) 7.2547 (4) 9.6938(1)
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No. of measured reflns. 35ClenReBr (C5). The bite angle of the ligand is 77.63Ĳ16)°. The orientation of the halogen-substituted arene ring is different to that in the other complexes with a torsion angle of almost 10°. The intermolecular C4-H4⋯Cl3 and C14-H14⋯Cl2 interactions link neighboring head-to-tail arranged molecules into a one-dimensional extended chain along the c-axis which are interconnected further by the weak intermolecular Cl1⋯Cl3 halogen bond and C2-H2⋯Br1 to form a sheet (Fig. 5) . Pair of intermolecular C7-H7⋯O3 and C6-H6⋯O1 hydrogen bonds form a centrosymmetric dimer, linking molecules into an infinite chain along the a-axis (Fig.  S29 †) . The packing index of C5 is 69.9%.
35ClenReCl (C6). The bite angle of the ligand is 77.04Ĳ13)°. The intramolecular C2-H2A⋯Cl1 interaction makes a S (7) ring. The intermolecular C7-H7A⋯Cl1 and C8-H8B⋯O2 interactions link neighboring molecules into onedimensional extended chains along the a-axis. The chains are further connected by the intermolecular C14-H14A⋯O3 and C10-H10A⋯O1 interactions along b and c-axis, respectively, forming a three-dimensional network. The interesting feature of the crystal packing is the intermolecular Cl1⋯Cl3 [3.425(2) Å] halogen bonding supported by the intermolecular Cl2⋯C7 interactions (Fig. 6) . The packing index of C6 is 67.3%.
42BrFReCl (C7). The bite angle of the ligand is 77.7Ĳ3)°. Pair of intermolecular C5-H5⋯O3 interactions makes a head-to-tail centrosymmetric dimer. The intermolecular C8-H8B⋯O2 and C9-H9A⋯O1 connect the neighboring molecules into one-dimensional extended chains along the b-and a-axis, respectively, which are supported further by the intermolecular COĲπ)⋯Br and C⋯Br interactions. The interesting feature of the crystal packing is the weak intermolecular C15-H15⋯Cl1 interaction and F1⋯F2 halogen bonding which link neighboring molecules into an extended chain in the [110] direction, furthermore the chains are interconnected head-to-tail through the intermolecular centrosymmetric Cl1⋯Br2 halogen bonding (Fig. 7) . The packing index of C7 is 66.5%.
43ClFReCl (C8). The bite angle of the ligand is 77.32Ĳ13)°. The intramolecular C12-H2⋯Cl1 interaction makes a S(7) ring. The intermolecular C7-H7⋯F1 and C16-H16⋯F1 interactions, link neighboring molecules into a onedimensional extended chain along the a-axis. The running head-to-tail chains are further interconnected through the intermolecular centrosymmetric C5-H5⋯O2 and C6-H6⋯O3 hydrogen bonds further supported by the intermolecular Cl2⋯O2 and Cl3⋯C10 short contacts, forming a threedimensional network (Fig. S30 †) . The interesting feature of the structure is the intramolecular Re-CO⋯π(arene) interactions which has been explained in the theoretical section Symmetry codes:
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based on the molecular orbital calculations. Another interesting feature of the crystal structure is the intermolecular Cl3⋯O2 contact and Cl2⋯Cl2 halogen bond which connects neighboring molecule into a one-dimensional herringbone pattern (Fig. 8) . The packing index of C8 is 71.2%.
ClFReBr (C9).
The bite angle of the ligand is 77.09Ĳ14)°. The intermolecular C15-H15⋯Br1 interaction connects neighboring molecules into a one-dimensional head-to-tail zig-zag extended chain along the c-axis (Fig. 9) . The intermolecular C7-H7⋯F1 interaction link neighboring molecules into a one-dimensional extended chain along the a-axis and further the parallel chains are connected together through the intermolecular C9-H9B⋯F2 interaction (Fig. S31 †) .
The intermolecular C4-H4⋯F6 contact, links neighboring molecule into a one-dimensional herringbone-type extended chain along the b-axis (Fig. 10) . The interesting feature of the crystal packing is the intermolecular Cl⋯Cl interaction which is significantly shorter, [3.196(2) Å], than the sum of the van der Waals radius of Cl atoms [3.50 Å] . The packing index of C9 is 68.0%.
ClFReBr′ (C10). The bite angle of the ligand is 77.1Ĳ2)°. The intermolecular C4-H4⋯O3 interaction connects neighboring molecules into a one-dimensional head-to-tail extended chain along the b-axis which is supported by the very short Cl1⋯O2 contact (Fig. 11 ). An interesting feature of the crystal packing is the intermolecular C-F⋯π interaction which was further supported by the weak intermolecular C⋯H and O⋯H contacts (Fig. S32 †) . Additionally, the structure is uniquely supported by the intramolecular Re-CO⋯π(arene) interactions which are discussed in the theoretical section based on the molecular orbital calculations. The packing index of C10 is 68.0%.
Complexation energy, AIM and NCIPLOT data
To obtain a better understanding of the contribution of intermolecular interactions toward the crystal packing, it is important to obtain quantitative insights into the nature and energy of these interactions. We have focused on the theoretical calculation of the interesting supramolecular assemblies observed in the solid-state of all the structures described above on the basis of the dimers formed by the desired intermolecular interactions. The complexation energies of the important crystallographic fragments based on their related intermolecular interactions are summarized in Table 4 ; as a caveat, the energies quoted should not be treated as absolute but do put the interactions on a relative scale and provide "ball park" values for the energies. Some of the important crystallographic dimers formed by their related intermolecular interactions are shown in Fig. 12 . As it is clear from Table 4 , the dimers formed by the cooperative interactions and metal-bound halogen (e.g. dimer1 in C1; dimer4 in C2; dimer4 in C3; dimer2 in C4; dimer6 in C5; dimer3 in C6; dimer4 in C8 and dimer3 in C10) the interaction energies are significant and negative, confirming their strong binding motifs in the solid-state structures. In case of C9 and C10, the contribution of the trifluoromethyl group involved in the H⋯F interactions is also significant. In all halogen-halogen interactions with the more linear type I contacts (dimer1 in C2, dimer2 in C3, dimer1 in C4, dimer1 in C6, dimer6 in C7, dimer2 in C8 and dimer2 in C9), in which regions with a partial positive charge on both halogens are in close proximity, the complexation energy is negligible and the interaction is not electrostatically favored. In type II contacts involving an approach of the region with a partial negative charge on one halogen atom to the region of partial positive charge on another, the interaction energy are significant (Table 4) . The theoretical models of the important binding motifs in each complex are shown in Fig. S33a-j . † On the other hand, there are some non-classic hydrogen bonds in C2, C5 and C9 and also a halogen bonding in C8 which contribute significantly to the interaction energies. To pursue the nature of such interaction we used AIM calculations. The values of electron density, ρ b , Laplacian of electron density, ∇ 2 ρ b , at the bond critical point (BCP) are the parameters that are usually used to characterize the nature of a chemical bond. These values for the BCP of the aforementioned hydrogen bonding and halogen bonding of the related dimers have been listed in Table 5 . We have also calculated these dimers using other level of theory such as B97D3/def2SVP and MP2/ def2-TZVP and the interaction energy is in the same range, giving reliability to the level of theory used. To better show the role of the metal-bound halogen in the intermolecular interactions in some of these complexes, the molecular electrostatic potential of C4, C6, C8 and C10 are shown in Fig. 13 . It is clear that there is significant negative electrostatic charge at metal-bound halogen position comparing to the carbonbound halogen with more electrophilic character.
Another interesting feature of the crystal structure of these complexes is the presence of the intramolecular Re-CO(lone pair)⋯π(arene) interactions. In spite of their inherent weak nature, it has been shown that M-CO(lone pair)⋯π(arene) interactions are relevant in some transition metal carbonyl complexes which provide a measure of stability in their crystal structure. [28] [29] [30] Besides the possibility of the different type of the intermolecular interactions in these complexes, we have tuned the electronic nature of the arene rings in the starting aldehydes by substituting different halogens at different positions. The shortest intramolecular Re-CO(lone pair)⋯π(arene) interactions were found in C8 and C10. In case of other complexes, the orientation of the substituted arene rings was affected by the other intermolecular interactions in the crystal packing so that there is not suitable short Re-CO⋯π contacts. In fact, the X-ray crystal structures of complexes C1-C10 show the Re-CO⋯π contacts from 3.059 to 3.586 Å. As in the previously studied systems, 30 the shortest intramolecular Re-CO⋯π distance was found in C8 with fluoro and chloro substituents and in C10 with trifluoromethyl substituents which enhance the π-acidity of the aromatic rings. The crystallographic results were also rationalized by examining NCIPLOT graphical data and also from DFT calculations using molecular orbitals analyses (Fig. 14) . Fig. 14c and d show a detailed non-covalent interactions map using reduced density gradient iso-surface (NCI-RDG) with the color scale chosen to be, −0.03 < ρ × signĲλ 2 ) < 0.03 a.u., for the short intramolecular CO⋯π interactions in C8 and C10. The iso-surface plot clearly shows the presence of the weak intramolecular interactions. In order to confirm this behavior we have carried out a theoretical calculation using Gaussian09 program with BP86-D3 function and def2-TZVP basis set. In particular, we have calculated all molecular orbitals of complexes C8 and C10 in order to clarify the differences based on the molecular orbital interactions to explain their short CO⋯π interactions. Interestingly, in some of the calculated molecular orbitals of the substituted arene ring we have found small but noteworthy contributions from the atomic orbitals of the interacting CO. This confirms that the π-antibonding orbitals (H-3 in C8 and H-4 in C10) and π-bonding orbital (H-3 in C10) have atomic contributions from the CO co-ligand (Fig. 14e-g ). Therefore, it can be concluded that there are lone-pair⋯π interactions in complexes C8 and C10. We have also investigated these intramolecular interactions by AIM through bond path between the carbonyl groups of complexes C8 and C10 with the related arene rings. In both cases, there are bond paths with the related BCP between the carbon atom of the carbonyl groups and carbon atom of the arene rings with ρ b = 0.01 a.u. and ∇ 2 ρ b = 0.032 a.u. in C8 and C10 (Fig. S34 †) , confirming the closed shell interactions but because of the long distance of the oxygen atom of the carbonyl group from the carbon atom of the arene ring, AIM does not show bond path between them although the presence of these weak interactions were confirmed by NCI index and molecular orbital calculations. In case of molecular orbital calculations we also found the contribution of the atomic orbitals of the fragments in these complexes by dividing each complex to six fragments, namely, the metal centre (Re), the axial X group (-Cl in C8 and -Br in C10), the axial CO group, the equatorial CO groups, and the diimine ligand (Table 6 ). In C8, it can be seen from Table 6 that the fragment orbital of CO eq2 (p orbital of oxygen) and the ligand (π* orbital) have 1.3 and 94.2 percentage in H-3 and they can interact to each other (Fig. 14e) . In C10, the fragment orbital of CO eq1 (p orbital of oxygen) contributed 2.9% in H-3 and interact with the right hand side arene ring. Of the 40.3% of the ligand in H-3, only 26% is located on right hand side arene ring, 7% on the left one and the rest on ethylenediimine segment. On the other hand, in H-4, the fragment orbital of CO eq2 (p orbital of oxygen) contributed 0.7% to the interaction with left hand side arene ring (Fig. 14g) with 88.4% contribution of the diimine ligand of which almost 86% is donated by the arene ring and the rest is only located on the ethylenediamine segment.
Furthermore, we also studied the nature and relative strength of the halogen-bonding interactions in all complexes using a reduced density gradient iso-surface (NCI-RDG) with respect to ρ × signĲλ 2 ) by color scale. The intermolecular interaction iso-surfaces generated by NCIPLOT for s = 0.3 and −0.03 < ρ × signĲλ 2 ) < +0.03 [colour scale: attractive (blue) → repulsive (red)] and the corresponding plots of ρ × signĲλ 2 ) vs. reduced density gradient highlighting the halogen bonding were shown in the ESI † (Fig. S35a-o) .
Hirshfeld surface studies
In order to obtain a deeper understanding of the intermolecular interactions in the molecular packing of the complexes, an analysis of their Hirshfeld surfaces was conducted. The Hirshfeld contact surfaces as d norm for complexes C1-C10 and their 2D fingerprint plots are shown in Fig. S36 and S37, † respectively. The information presented in Table 3 is shown pictorially in the Hirshfeld surface plots (Fig. S36 †) to aid the analysis of the intermolecular interactions. According to the Hirshfeld surface analysis, the intermolecular H⋯H contacts, i.e. dispersive interactions, contribute 13% of the total number of contacts in the crystal packing of C1. The most significant intermolecular interaction in the crystal packing of C7 is non-classic C-H⋯O interactions which are appeared by superimposed sharp spikes with an overall 17.6% contribution to the surface at d e + d i ≈ 2.4 Å. The fingerprint plot of C8 is favored by the intermolecular H⋯Cl, H⋯O and H⋯F contacts with an overall 21%, 18% and 14% contribution to the surface. The H⋯Cl and H⋯O interactions in the fingerprint plot appeared as wing at d e + d i ≈ 2.9 Å and 2.6 Å, respectively. The H⋯F contacts are shown as superimposed sharp and long spikes at d e + d i ≈ 2.2 Å in the fingerprint plot. The H⋯F contacts contribution in the structure of C8 is the most significant comparing to the rest of the structures. The most significant intermolecular contact in the fingerprint plot of C9 is H⋯F and H⋯Br with an overall 27.4 and 7.4% contribution to the surface which appear at d e + d i ≈ 2.36 Å and 2.8 Å, respectively. The fingerprint plot of C10 features the presence of short O⋯H and Cl⋯O contacts with overall 10.7% and 7% contribution to the Hirshfeld surface appearing at d e + d i ≈ 2.5 Å and 3.0 Å, respectively. The sharp superimposed spikes at 3.0 Å indicate the significant short Cl⋯O contact. It is noteworthy to mention that in C1-C6 and C9, the metal-coordinated halogen with nucleophilic character, as shown in the electrostatic maps (MEP, Fig. S17-S26 †) , is more effective in the intermolecular contacts, directing the crystal packing, comparing to the carbon-substituted halogen atoms. ax = axial, eq1 = right hand side equatorial to X, eq2 = left hand side equatorial to X, Ligand = NN-ligand.
